Abstract. The MSE approach provides a simulation-based framework within which harvest strategies, stock assessment methods, performance indicators and research programmes can be compared. This approach has been used in the Australian South East Fishery (SEF) to assess harvest strategies for the over-exploited eastern gemfish resource and to compare different levels of discard monitoring for blue grenadier. The main challenges to use of the MSE approach in the SEF are poorly specified management objectives and the lack of quantitative stock assessments on which to build operating models for many of the species.
Introduction
Australia's South East Fishery (SEF) is a multi-species, multi-sector fishery, the trawl sector of which operates from Barrenjoey Point off New South Wales to Cape Jervis off South Australia (Tilzey 1999) . It is managed primarily by means of Total Allowable Catches (TACs), which are set for the 16 key species in the fishery (Table 1) . These 16 species constitute approximately 80% of the landed catch (Tilzey 1999) . Management actions for all the species in this fishery must be selected to satisfy (to the extent possible) the five legislative objectives of the Australian Fisheries Management Authority (AFMA). These objectives are: conducting management consistent with the principles of ecologically sustainable development (ESD), maximizing economic efficiency, implementing efficient and cost effective management, ensuring accountability to the fishing industry and the Australian community, and achieving government targets in relation to cost recovery.
The TACs for the SEF quota species are set by the AFMA Board (which currently consists of a Chairman, the Managing Director of AFMA, two scientists, a government director, a management consultant and two industry representatives), which, for the SEF, is advised by two Management Advisory Committees (MACs), representing the trawl and non-trawl sectors of the fishery. The scientific advice on which TACs are based is developed by the South East Fishery Assessment Group (SEFAG), which has established several species-specific subgroups 1 . The process of providing scientific advice related to TAC setting for several species therefore originates at the species-specific subgroup level and passes through a variety of other committees (which act to some extent as an internal review process). However, development of this advice has proved (and continues to prove) difficult because AFMA's legislative objectives are not sufficiently explicit at the level of species management. This problem has been overcome for some species by defining more specific objectives. However, some of these specific objectives are in conflict. For example, the specific management objectives for blue grenadier, Macruronus novaezelandiae , used to include 'sustainable development of the winter spawning run fishery of blue grenadier off the west coast of Tasmania' and 'maintain the catch per unit effort (CPUE) in the non-spawning fishery above its lowest annual average level from 1986 to 1994' (Tilzey 1999) . These objectives are clearly in conflict because achievement of the first objective implies a higher probability of failing to achieve the second objective.
Until recently, the only rule used to assess stock status in the SEF has been the so-called 'CPUE strategy'. This involves assessing whether the catch rate for the last year for which data are available is less or greater than the lowest catch rate over a pre-specified period (usually 1986-94) . This 'strategy' has been criticised by both industry and scientists as being inadequate given inter alia concerns regarding the relationship between catch rate and abundance (Tilzey 1999) . In addition, the 'strategy' is not explicit about what actions will be taken if the catch rate does fall below the threshold.
The 'Management Strategy Evaluation' (MSE) approach (e.g. Smith 1994 ) is increasingly being used by SEFAG to develop scientific advice. This approach provides a set of tools that allow four key scientific questions to be addressed:
• evaluation of the extent to which alternative rules for setting future TACs (referred to as harvest strategies 2 ) can satisfy the management objectives and hence identify the trade-offs among the objectives corresponding to different harvest strategies;
• evaluation of which methods of stock assessment are able to provide sufficiently reliable estimates of quantities of interest to management (such as current biomass and MSY);
• evaluation of whether proposed performance indices are able to detect the events that they were designed to identify. These events might include those in which the fishery is close to (but not yet in) an undesirable state;
• evaluation of the (management) benefits of research programmes.
A key feature of the MSE approach is that it can explicitly take account of uncertainty (in the data available, the values for the parameters of models, the structure of the models upon which advice is based, and the ability to implement management actions). For situations in which there is considerable uncertainty, many alternative models will be compatible with the existing data so a more conservative harvest strategy is needed to satisfy the conservation-related ESD objective. As such, the MSE approach is compatible with the principles underlying the precautionary approach to fisheries management (FAO 1995) . Apart from in Australia (see below), variants of the MSE approach have been applied in New Zealand (Starr et al . 1998) , South Africa (Punt 1992; Butterworth et al . 1997; Cochrane et al . 1998) , and by the Scientific Committee of the International Whaling Commission (Donovan 1989; Kirkwood 1997) .
This paper first outlines the MSE approach in broad terms and how it can be used to address each of the four key questions listed above. It emphasizes the first of the four questions (evaluation of harvest strategies) because this is the most relevant to the provision of scientific advice for TAC setting, and because the answers to the other three questions are essentially byproducts of evaluating harvest strategies. Some advantages of the approach are then listed and the current use of the MSE approach in the SEF reviewed. Finally, the key challenges are identified that must be overcome in order for the MSE approach to play an even greater role in assisting with the provision of scientific advice in the SEF.
The MSE approach: an overview
The primary objective of the MSE approach is to identify, in an objective manner, the trade-offs in achieving different management objectives across a range of management options. This is the information the decision makers need to make an informed decision about management actions, given the importance they assign to each of AFMA's five legislative objectives and given that these objectives may be contradictory. The relative importance of different objectives will, of course, relate to the social, legal, and political context for each management decision. However, by basing the decision on the trade-offs among the management objectives, this context is laid bare.
Basic overview
In simple terms, the MSE approach involves evaluating the entire management system (including research programmes, stock assessment methods, performance indices and harvest strategies) by means of Monte Carlo simulation. This approach to evaluation has a long history in quantitative fisheries science (e.g. Southward 1968; Hilborn 1979; Donovan 1989 ). The steps in evaluating alternative harvest strategies are as follows (Fig. 1 ).
• Identification of the management objectives and representation of these using a set of quantitative performance measures.
• Identification of the alternative harvest strategies.
• Development and parameterization of a set of alternative structural models (called operating models) of the system under consideration.
• Simulating the future use of each harvest strategy to manage the system (as represented by each operating model). For each year of the projection period (usually 15-25 years), the simulations involve the following four steps.
• Generation of the data (of several types) available for assessment purposes.
• Application of a method of stock assessment to the generated data set (including any real historical data) to determine key management related quantities and the inputs to the catch control law.
• Application of the catch control law element of the harvest strategy to determine the TAC based on the results of the stock assessment. The catch control law may include one or more performance indicators.
• Determination of the (biological) implications of this TAC by setting the catch for the 'true' population represented in the operating model based on the TAC. This step can include the impact of 'implementation uncertainty' (Rosenberg and Brault 1993) .
• Summary of the results of the simulations by means of the performance measures and presentation of the results to the decision makers. Results are often presented as a 'decision table' showing the performance of each harvest strategy relative to each management objective.
The steps required to address the other three key scientific questions listed above are also based on this algorithm.
• To evaluate a stock assessment method, the performance measures need to include statistics, such as the bias or mean square error, that measure how well the stock assessment method is able to estimate key quantities of interest to management (e.g. Patterson and Kirkwood 1995) .
• To evaluate the utility of a proposed performance indicator, a comparison needs to be made as to when the indicator was 'triggered' relative to when the events that it was desired to identify actually took place (e.g. .
• To evaluate the value of a research programme, simulations are conducted assuming that the results of the research programme are and are not available; the differences in the values for the performance measures then reflect the 'value' of the research programme .
Some benefits of the MSE approach
The major reason for applying the MSE approach is that it provides an objective basis for comparing alternative management actions (rules for setting TACs in the context of the SEF) in terms of their ability to satisfy the management objectives (as quantified through the performance measures). A virtue of the approach is that it allows evaluations without their direct application to the real system being managed. In several fisheries jurisdictions (e.g. Australia, New Zealand and South Africa), evaluating harvest strategies by means of simulation is often supported by both industry and conservation groups (Cochrane et al . 1998; Smith et al . 1999) . The former see harvest strategies as a form of security against the machinations of the managers, and the latter gain confidence that a set of rules is in place that has been shown to perform adequately. Pretesting of harvest strategies cannot, of course, guarantee that they will definitely work as expected in the real world. However, if a harvest strategy cannot perform adequately in the relatively ideal situations represented by the operating models, there is no reason to suspect that they will work in the real world (Sainsbury et al . 2000) .
When based on a harvest strategy, the TAC setting process is more transparent because the rules used to set the TACs are pre-agreed and available for all interested parties to see. Having a pre-specified set of rules for setting TACs avoids problems that can arise due to over-interpretation of noisy data. Such over-interpretation can arise, for example, if, during a single year, the catch rate drops below the lowest it has ever been. The dangers of basing management decisions on essentially the last catch rate datum, as is the case for the 'CPUE strategy' in the SEF, are fairly evident. It encourages parties who desire a particular outcome in terms of TAC to place a 'spin' on the most recent catch rate (for example, artificially high because of improved technology, or artificially low because of marketing constraints). Application of the MSE approach encourages decision makers (and scientists) to focus on longer-term objectives rather than short-term considerations (Cockcroft and Payne 1999) . Thus, in the SEF context, the MSE approach provides a basis for a 'think long-term, act shortterm' approach to management (Francis and Shotton 1997) .
Developing and parameterizing operating models can only be accomplished successfully if all participants in the assessment/management process work together. AFMA's current 'partnership' approach integrates the views of scientists, managers and industry (and, increasingly, conservation groups) at all levels, including at the assessment group level. The process of developing operating models encourages a synthesis of available information (both quantitative and qualitative) and hence assists in the process of identifying key uncertainties and knowledge gaps.
Adoption of a harvest strategy should also lead to more efficient use of resources (Cockcroft and Payne 1999) . This is because once a harvest strategy has been adopted, the time required to recommend a TAC is substantially reduced (as all that is required is to follow a pre-agreed set of steps). In principle, the additional free resources can then be directed towards addressing longer-term 'strategic' issues (Butterworth et al . 1997) . Setting of TACs for eastern gemfish in recent years provides an example of how this potential to save time can actually be realised. For example, inputs to the stock assessment (and hence the harvest strategy) for eastern gemfish were required from five different agencies. However, given pre-agreement on the data that needed to be collected and the analyses that needed to be conducted, the most recent stock assessment was completed in less than a month (even though the stock assessment calculations themselves took two weeks of this).
The SEF and the MSE approach: the present situation
The major activities in the SEF related to the MSE approach involve the identification of performance measures by stakeholder groups, development of assessments that could form the basis for operating models, and full scale application of the MSE approach with a view towards identifying rules for setting TACs. Identification (and formal adoption) of performance measures is currently a f o c u s a t A F M A ( C . G r i e v e , A F M A , p e r s o n a l communication), although there has been relatively little progress to date by the MACs and the AFMA Board in agreeing to performance measures.
Development of stock assessments
Unfortunately, the SEF does not have a particularly strong history of quantitative stock assessment that could form the basis for operating models. Before 1990, quantitative assessments were only available for tiger flathead Neoplatycephalus richardsoni (Montgomery 1985; Wankowski 1986 ), jackass morwong Nemadactylis macropterus (Smith 1989 ) and eastern gemfish Rexea solandri (Allen 1989 ). However, with the introduction of AFMA's species-specific assessment groups and occasional species-specific stock assessment workshops, the number of formal stock assessments of SEF species has recently increased markedly. For example, formal assessments are now available for blue grenadier , blue warehou, Seriolella brama (Punt 1999 a ), eastern gemfish (Smith and Punt 1998) , eastern school whiting, Sillago flindersi (Punt 1999 b ) , and orange roughy, Hoplostethus atlanticus (CSIRO and TDPIF 1996) , and assessments are currently being developed for ling, Genypterus blacodes , and spotted warehou, Seriolella puncata (R. Thomson, CSIRO Marine Research, personal communication).
Recent SEF assessments based on integrated analysis (Fournier and Archibald 1982; Methot 1989 Methot , 1990 (Table  1 ) and the assessments of school shark, Galeorhinus galeus , and gummy shark, Mustelus antarcticus (Punt 2000; Punt et al . 2000) have been conducted by species-specific subgroups that include scientists who do not come from a modelling background, industry and managers. In some cases, conservation groups are also represented on species assessment groups. The broader representation at the assessment group level has lead to wider consideration of uncertainty, in particular, uncertainty regarding model structure. For example, the recent assessment of school shark considered the implications of stock structure within Australia as well as those of movement of school sharks from New Zealand to Australia. A broader range of hypotheses is usually considered when conducting MSE than would be normal when conducting a stock assessment (e.g. allowing for depensation in the stockrecruitment relationship). This is because, although two alternative hypotheses may fit the existing assessment data equally well, they may have quite different consequences when projected into the future. Although examining a wide range of alternative hypotheses is an advantage of the MSE approach, the lack of constraint on hypotheses can lead to management decisions being based on highly unlikely (but highly consequential) hypotheses (Butterworth et al. 1996) .
Implementation of the full MSE approach
To date, the full MSE approach has been applied to three species in the SEF: orange roughy, blue grenadier and the eastern stock of gemfish. For blue grenadier, the MSE approach has been used only to evaluate the value of research programmes. Punt (1999 c ) examined the implications of changing the amount of sampling of discards through the Integrated Scientific Monitoring Programme in terms of the ability to estimate yearclass strength for blue grenadier. However, the use of the MSE approach for orange roughy and eastern gemfish has progressed to the evaluation of rules for setting TACs.
Although MSE studies based on orange roughy were conducted as early as 1991 (e.g. Smith 1993), the results of these studies have not been implemented 3 . There are two reasons for this 'failure to implement'. First, the work was not undertaken as part of a stock assessment group process, but as an independent scientific investigation focused on methods development. Second, the work was undertaken early in the development of the fishery, and before an agreed stock assessment was available. This agreed assessment did not emerge until several years later, at which time explicit strategies were put in place to sequentially reduce catches to 'sustainable' levels. These strategies comprised fixed-TAC situations rather than feedback harvest rules, and were evaluated by projecting different future sequences of catches with the basic stock assessment model, to achieve acceptable levels of risk.
The assessment of eastern gemfish (Smith and Punt 1998) indicates that the stock is currently overexploited, recruitment has been poor for a decade, and the stock is well below the limit reference point set by AFMA. The targeted TAC for the fishery is currently zero, although allowance is made for the landing of incidental bycatch. The MSE approach has been used to identify rules for setting TACs that allow targeted catches if there is evidence for some recovery, yet keep catches as low as possible if there are no signs of recovery. The situations considered in the evaluation have examined uncertainty about inter alia the level of historical catches, the form of the stock-recruitment relationship (e.g. is the relationship depensatory/are the residuals auto-correlated), whether selectivity is densitydependent, and the relationship between catch rates and abundance (Punt and Smith 1999) . Rules for setting TACs based on Virtual Population Analysis and a surplus production model have been considered and the performance of each candidate rule has been evaluated with several measures of risk to the resource (Punt and Smith 1999) . Outcomes from this modelling have included a refinement of the agreed reference point for the resource and a better (and less confrontational) approach to stock assessment and TAC setting for this species.
The SEF and the MSE approach: key challenges W e s e e f o u r k e y c h a l l e n g e s t o t h e s u c c e s s f u l implementation of the MSE approach in the SEF (and elsewhere): selection of appropriate objectives and performance measures, the complexity of the approach, the selection of the hypotheses to consider and their relative weights, and the extension to examine the implications of management decisions on non-target species and the ecosystem.
The most common problem when applying fisheries risk assessment methods is the selection of appropriate performance measures (Butterworth et al . 1997; Francis and Shotton 1997; Butterworth and Punt 1999) . In particular, few MSE/risk assessment frameworks have integrated biological with economic considerations (Baldursson et al . (1996) is a notable exception), generally quantifying the effect of management decisions on industry in terms of discounted total catches. Quantification of 'risk' has also proved problematic. It is clear that there must be a level of biomass below which effects such as stock collapse, species replacement, depensatory processes, or ecosystem effects will occur. However, there are currently few studies that could be used to select this level for marine fish species 4 . This has meant that 'risk' has most often been defined as the probability of dropping below some largely arbitrary biomass (e.g. 20% of the virgin biomass).
The MSE framework (Fig. 1 ) is difficult to communicate to non-experts. Even fisheries biologists with many years' experience have found the MSE approach difficult to understand because it is quite different from conventional approaches to fisheries stock assessment. This communication problem is further compounded by a large amount of (admittedly confused) nomenclature ). Our experience is that it is relatively straightforward to convince stock assessment group participants of the benefits of adopting the MSE approach. However, to date little time has been spent informing the Management Advisory Committees of these benefits.
It is acknowledged (Lyle 1998 ) that there is a shortage of stock assessment scientists in Australia. The lack of skills is even greater for MSE because the complexity and computational requirements of the evaluation process are substantially greater than required to conduct a standard stock assessment. For example, the operating model currently being used to compare alternative harvest strategies for a range of SEF species includes inter alia modules for the selectivity function, the growth model, the recruitment function and the relationship between fishing effort and fishing mortality. Each of these modules has many options (e.g. selectivity can be density-dependent and allowance needs to be made for differences between the selectivity pattern for the landed catch and that for the discards). The lack of skills is overcome to some extent by the fact that applying a harvest strategy does not require considerable knowledge of stock assessment methodology and, in fact, adoption of a harvest strategy could negate the need for a detailed annual stock assessment process for species for which harvest strategies have been agreed.
Consideration of a broader range of hypotheses necessitates a determination of the relative plausibility of each hypothesis when comparing alternative harvest strategies. To date, the process of evaluating plausibility has been to exclude 'clearly implausible' scenarios and to give the remaining scenarios equal weight. Unfortunately, members of assessment (and management) groups may differ in terms of what they regard as plausible/implausible and much more work is needed in this area (e.g. Butterworth et al . 1996) . Of particular concern is if a participant's assessment of the implausibility of a scenario is determined by the TACs it implies. In some sense, therefore, if care is not taken to avoid it, moving to an MSE approach may simply move the arguments, from being about the data and model assumptions used in assessment, to being about the hypotheses on which the selection of the harvest strategy is based.
The question of plausibility also relates directly to the different decision makers' attitudes to risk and uncertainty. Some decision makers may be willing to accept more risk when uncertainty is high (and 'things could be better than they may look'), whereas other decision makers demand a much more conservative management approach in the face of increased uncertainty. This last issue is evident when objectives are chosen. Although the MSE approach is designed to encourage a long-term approach to decision making, it is possible to over-emphasize short-term considerations by, for example, using a high discount rate in catch-related performance measures.
All of the applications of the MSE approach in the SEF have considered the effects of management actions on the target species. There is no conceptual reason why the MSE approach cannot be applied to examine the ecosystem implications of management actions (Sainsbury et al. 2000) .
For example, Maunder et al . (2000) examine the implications of different rules for controlling by-catch of New Zealand sea lions by the fishery for arrow squid off southern New Zealand on both the sea lion population and the squid fishery. However, lack of sufficient data combined with a poor understanding of the underlying processes has precluded work to date in the area of ecosystem effects in the SEF with the MSE approach. Understanding the implications of technical interactions (Pikitch 1991) among fisheries is simpler and work is currently underway to examine the effects of these interactions for four species in the South East Fishery (A. E. Punt, unpublished) .
The SEF and the MSE approach: the future Table 1 provides information on the assessment status of the 16 SEF quota species (separate entries are provided for eastern and western gemfish, which are treated separately in the quota system). Assessments based on integrated analysis are available for five 'species' and planned or under development for another three. Except for eastern school whiting, the formal assessments have formed the basis for population projections. There are currently no quantitative assessments for nine of the 17 'species' in Table 1 . The likelihood of formal assessments being conducted for six of these (john dory, mirror dory, ocean perch, red royal prawn, silver trevally and western gemfish) is low as they are not 'priority' species, and resources for stock assessment are limited. Quantitative assessments for these species would also be constrained because the only assessment data available, apart from landings information, are catch rates and some length-frequency data. Given adequate resources it should be possible to conduct age-based assessments for both flathead and morwong. Harvest strategies for four of the species in Table 1 are currently being examined (Cui, unpublished) . However, this examination is based on generic considerations and the four species are included primarily as example species. Table 1 appears to indicate that there has been little progress towards adopting an MSE approach in the SEF even though AFMA and many of the species-specific assessment groups strongly support such adoption. However, it should be borne in mind that, as recently as 1994, formal assessments were available for only two SEF species (orange roughy and eastern gemfish) and projections for only the first of these. Considerable progress has been made towards developing formal stock assessments for those species for which this is likely to be feasible, so the basis for a formal evaluation of harvest strategies for several SEF species should be available soon. It is likely that the full MSE approach could be applied now to species such as blue grenadier for which assessments are available and consideration has already been given by the assessment group to alternative structural assumptions.
Selection of appropriate objectives and performance measures and methods for weighting alternative hypotheses remain, to some extent, outside the scientific realm (particularly the former). Successful implementation of the MSE approach to evaluate harvest strategies, performance indicators, stock assessment methods and research programmes will therefore require that stakeholders are willing to commit time and resources to a process for resolving these problems in addition to providing continued support for stock assessment work.
